1994) and regional peaks in DMS production are closely correlated with colonial Phaeocystis 47 blooms (Van Duyl et al. 1998) . DMS produced in the surface ocean is aerosolized and its 48 oxidation products promote cloud formation, increase albedo, and affect global climate 49 (Charlson et al. 1987 ). In algal cells, DMSP and its cleavage products, DMS and acrylate, 50 contribute to osmotic balance, neutralize reactive oxygen species, and deter grazing (Noordkamp 51 et al. 2000; Sunda et al. 2002) . Despite the ecological importance of colony formation in 52
Phaeocystis, triggers for transition to the colonial morphotype remain enigmatic, and the 53 functional role of colony formation in the Phaeocystis life-cycle is not clearly delineated 54 (Peperzak & Gabler-Schwarz 2012) . 55 Myriad factors have been studied in regard to their roles in instigating colony formation 56
in Phaeocystis species, including nutrient and light availability (Bender et al. 2018; Cariou et al. 57 1994; Wang et al. 2011 ), temperature (Verity & Medlin 2003) , mechanical stress (Cariou et al. 58 1994), grazing cues (Long et al. 2007; Tang 2003 ; Wang et al. 2015) , and viral infection 59 Brussaard et al. 2007 ). However, these studies used different Phaeocystis 60 species, strains, and morphotypes with a range of experimental conditions, which yielded 61 variable and sometimes contradictory results. Nonetheless, several lines of evidence suggest that 62 colony formation serves a defensive role. First, while viruses can cause 30-100% cell lysis in 63
solitary Phaeocystis, viruses rarely infect colonial cells, which lyse primarily due to nutrient 64 limitation Brussaard et al. 2007 ). Second, ciliates and other 65 microzooplankton that graze solitary Phaeocystis are unable to graze on colonies (Tang et al. 66 2001) and chemical cues from these grazers induce colony formation and promote increased 67 colony size (Long et al. 2007; Tang 2003) . Third, acrylate, which is produced with DMS when 68 DMSP is cleaved, accumulates within colonies and may further deter macro-and micro-grazers 69 and heterotrophic bacteria (Hamm et al. 2000 ; Noordkamp et al. 2000) . However, while cellular 70 growth rate increases in colonial cells relative to solitary cells if colonies are induced in nutrient 71 rich conditions, it decreases when colonies are induced under nutrient limiting conditions (Wang 72 et al. 2015) . Thus, colony formation can defend against pathogens and grazers, but it is costly 73 (Wang et al. 2015 ), suggesting that colony formation is likely a complex response to interacting 74 biotic and abiotic factors (Long et al. 2007 ). 75 Colony formation may also play a fundamental role in Phaeocystis reproduction. 76 Phaeocystis has one of the most complex and polymorphic life cycles among phytoplankton 77 genera, and despite extensive study, it remains largely unresolved in most species. Studies have 78 implicated at least 6 different life stages and up to 15 functional components to the life-cycle 79 (Gaebler-Schwarz et al. 2010). In P. globosa, four morphotypes are believed to exist: diploid 80 colonial cells devoid of scales and flagella, diploid scale-free flagellates arising from 81 mechanically disrupted colonies, and two types of small, scaled, haploid flagellates-those that 82 produce vesicles containing star-shaped alpha-chitin filaments and those that do not (Rousseau et 83 al. 2007 ). Haploid flagellates may fuse (syngamy) to produce diploid colony-forming cells, 84 which in turn undergo meiosis and produce haploid flagellates (Rousseau et al. 2013 Phaeocystis globosa CCMP 1528 grown under identical conditions. On day 4 of the first round, 162 1 ml of each replicate was transferred to 45 ml of sterile L1 media and the experimental setup 163 was repeated, which allowed for adaptation to experimental culture conditions. Algal cells were 164 harvested for RNA extraction on day 4 of the second experimental culture round, when replicates 165
were in middle to late exponential growth phase ( Fig. S1 ). 166
Prior to RNA extraction, each culture replicate was imaged with light microscopy 167 (Olympus CKX53, MA, U.S.A.) to ensure that colony-forming replicates were indeed producing 168 colonies and that non-colonial replicates were not ( Fig. S2 ). Flagellates present in the colonial 169 and non-colonial replicates were actively swimming, suggesting that flagellates in this study 170
were scaled haploid flagellates, rather than scale-free diploid flagellates originating from 171 disrupted colonies, but neither flow-cytometry nor electron microscopy were performed 172 (Rousseau et al. 2007 Phaeocystis globosa species complex in phylogenetic analyses ( Fig. S3 ). Only 25% of our reads, 210 however, mapped to this reference transcriptome. We therefore assembled a de novo 211 transcriptome for Phaeocystis globosa CCMP1528 to serve as a reference for read mapping in 212 this study. We used Trinity software for transcriptome assembly (Grabherr et al. 2013 ) and 213 dereplicated the transcriptome by removing reads with 95% similarity using CD-HIT-EST ( contig lengths were about the same for both (Table S2) . When Transrate was used to align the 281 two transcriptomes, only 18% of CCMP1528 contigs aligned to the CCMP2710 transcriptome, 282 but 55% of the CCMP2710 contigs aligned to the CCMP1528 transcriptome. BUSCO software 283 was utilized to assess completeness of the P. globosa CCMP1528 transcriptome. It included 284 more complete eukaryote and protist BUSCOs than the MMETSP Phaeocystis sp. CCMP2710 285 transcriptome ( Fig.1 ). Together, these results demonstrate that the transcriptome generated in this 286 study is more complete than the MMETSP transcriptome and is a better reference for this study. 287
The results also indicate that CCMP2710 and CCMP1528 are more genetically distant than was 288 expected based upon ribosomal RNA gene sequences ( Fig. S3 ). 
300
Annotation was possible for relatively few of the contigs in the P. globosa CCMP1528 301 transcriptome assembly, but more genes were annotated with the Pfam and GO annotation 302 pipeline (26%) than with the KEGG pipeline (14%). Additionally, both annotation methods 303 annotated the significantly differentially expressed (DE) genes at a higher rate than the whole 304 transcriptome ( Differential gene expression analysis 313
Gene expression patterns in colonial and solitary replicates were explored with a principal 314 component analysis (PCA) and an expression heatmap. Initial data exploration revealed the 315 colonial replicate 'C2' as an outlier to other colonial replicates and solitary replicates (Fig. S5A,  316 B) and this sample was excluded from further analyses. The remaining 3 colonial replicates 317 clustered separately from the 4 solitary replicates in a PCA plot ( Fig. 2A ). Differential 318 expression analysis identified 535 genes as significantly upregulated and 7,234 genes as 319 significantly downregulated in colonial replicates. An expression heatmap of the most 320 differentially expressed genes sorted by FDR adjusted p-value (padj) clearly illustrates the 321 overall expression pattern-the majority of significantly differentially expressed genes are 322 downregulated in colonial replicates (Fig. 2B ). 323 324 325 
Gene set enrichment analysis 337
In order to identify Biological Process (BP) GO terms over-represented in significantly up-and 338 downregulated gene sets, we applied a hypergeometric test with a significance cut-off of p < 339 0.05. Twenty BP GO term were over-represented among significantly upregulated genes and 340
were primarily involved in cell signal transduction in response to external stimuli ( Fig. 3 ; Table  341 S3). Notably, GO terms involving arabinose, a component of the colonial matrix, were also 342 enriched among upregulated genes. In the downregulated gene set, 48 BP GO terms were 343 enriched, including several involved in cation transport, response to oxygen-containing 344 compounds, translation and protein transport, and vacuolar transport and exocytosis ( Fig. 3 ; 345 Table S4 ). REVIGO software was used to remove redundant GO terms from lists of enriched 346 terms and to visualize results in a Multidimensional Scaling (MDS) plot (Fig. 3) 
358
When we applied hypergeometric testing to KEGG pathways, only the cGMP-PKG signaling 359 pathway (cyclic guanosine monophosphate-protein kinase G pathway) was enriched in the 360 upregulated gene set (p<0.05) (Table S5) inhibitor resistance (Table S6 ). The lower annotation rate for KEGG pathways compared with 365 GO terms contributed to the difference in enrichment testing results. We therefore also applied a 366 linear model test for KEGG pathway enrichment, which identified several additional pathways as 367 being significantly enriched in the up-(6) and downregulated (7) gene sets. With this additional 368 test, the PI3K-Akt signaling (phosphoinositide 3-kinase-protein kinase B signaling pathway), 369
Glycosphingolipid biosynthesis, Ferroptosis, Plant-pathogen interaction, Circadian rhythm, Viral 370 carcinogenesis pathways were also enriched among upregulated genes (Table S7 ). The Protein 371 processing in endoplasmic reticulum, Oxidative phosphorylation, Ras signaling pathway, 372
Sphingolipid metabolism, Steroid biosynthesis, Fatty acid degradation, and Taste transduction 373 pathways were additionally identified as enriched in downregulated genes ( protein has not been experimentally proven to be active, but its sequence is phylogenetically 385 close to the Fragillariopsis DSYB, which has been proven to be active. Neither putative P. 386 globosa DSYB genes were differentially expressed between solitary and colonial culture 387 replicates in this study, but both were expressed at relatively high levels in both sample types 388 (Fig. 4) . 389
Two Alma family-like genes were identified in the Phaeocystis globosa transcriptome. 390
One P. globosa AA sequence, from Transcript_36000, aligned with Emiliania huxleyi Alma7. 391
All 4 Alma homologs identified from the MMETSP Phaeocystis antarctica transcriptome are 392 phylogenetically closest to the E. huxleyi Alma7, but E. huxleyi Alma7 has not been proven to 393 have DMSP-lyase activity. Another P. globosa AA sequence, from Transcript_68879, aligned 394 with E. huxleyi Alma4, which also has not been experimentally proven active. Both putative P. 395
globosa Alma family genes were expressed at lower rates than DSYB-like genes. The P. globosa 396
Alma4-like gene was not differentially expressed in solitary and colonial culture replicates in this 397 study (Fig. 4) genes significantly downregulated in colonial cells than upregulated (Fig. 2) . This shift suggests 428 that there are trade-offs associated with colony production and resources must be diverted to 429 construct and maintain the colonial matrix. A relatively small number of genes are upregulated to 430 produce colonies, but the low annotation rate of these genes, and the transcriptome overall, make 431 it challenging to fully interpret the results (Table 1) . Gene set enrichment analyses inherently 432 relies on how many and which genes are annotated and systematic biases likely in gene 433 annotation will influence results (Haynes et al. 2018 ). However, these analyses still assist in 434
identifying pathways and functions that may be important to the question at hand and indicate 435 genes and pathways that should be followed up in future studies. The results presented here 436
highlight genes involved in constructing the colonial matrix, changes in cellular morphology, 437
responding to external stimuli, cellular proliferation, and producing DMSP, DMS, and acrylate. 438
Results from this study support a defensive role for colony formation in Phaeocystis globosa. 439 440
Colony matrix carbohydrates and colonial cell morphology 441
Differential expression of genes associated with clearly observable changes between treatment 442 groups can serve to "ground-truth" results from RNA-seq experiments and therefore increase 443 confidence in expression changes detected for genes for less observable traits. In this study, 444 changes in cellular morphology and colony formation itself are clearly observable differences for 445
which several associated genes are differentially expressed. The observed expression patterns for 446 these genes can additionally provide new insight into the construction of the colonial matrix and 447 pathways associated with morphological changes in colonial Phaeocystis cells. Many different 448
polysaccharides are recognized as contributors to the matrix structure of Phaeocystis globosa 449 colonies, including arabinose, rhamnose, xylose, mannose, galactose, glucose, gluconuronate, 450
and O-methylated pentose sugars (Janse et al. 1996) . Phaeocystis isolated from different 451 locations tends to have distinct matrix carbohydrate fingerprints, which may be due to genetic 452 attributes of different strains or which could arise from different environmental conditions, such 453 as light or nutrient availability. For example, arabinose is the most abundant matric carbohydrate 454 in P. globosa sampled from the North Sea (Janse et al. 1996) . In this study, the GO term for 455
Arabinose metabolic process was enriched among upregulated genes in colonial cells ( Fig. 3 ; 456 Table S3 ). These results indicate that arabinose is likely the dominant matrix polysaccharide in 457 P. globosa CCMP1528 and that arabinose production is specifically associated with colony 458 formation in this strain. The colonial matrix also contains nitrogen (Hamm 2000) , which is likely 459 included in amino sugars (Solomon et al. 2003 ). Our results, however, did not indicate that 460 amino sugar biosynthesis or metabolism was upregulated in colonial cells. 461
Divalent cations, particularly Mg 2+ or Ca 2+ , are required for colonial polymers to gel and 462 contribute to the stability of the colonial matrix (van Boekel 1992). GO terms for Divalent 463 inorganic cation transport, Magnesium ion transport, and Divalent metal ion transport, however 464
were enriched in downregulated genes in colonial replicates ( Fig. 3 ; Table S4 ). Similarly, Bender The exact function of these structures is  474 unknown, but they may be involved in mating or defense (Dutz & Koski 2006) . In addition to 475 divalent cation transport, a number of other GO-terms enriched in downregulated genes may be 476 involved in secreting these structures, such as Exocytosis, Secretion, Vesicle mediated transport, 477
and Vacuolar transport ( Fig. 3 ; Table S3 ). Alternatively, these GO terms may be involved in 478 scale formation and secretion (Taylor et al. 2007 ), as scales are only observed on Phaeocystis 479 globosa flagellates and not colonial cells (Rousseau et al. 2007 ). 480 481
A defensive role for colony formation: resource allocation, pathogen interaction, and 482 DMS/acrylate production 483 Out of 7,769 genes that were significantly differentially expressed between colonial and solitary 484 replicates, 7,234 genes were downregulated in colonial cells. This dramatic transcriptional shift 485 in colonial cells supports a high resource cost associated with producing colonies (Wang et al. 486 2015) . Specifically, our results indicate that resources are being diverted from protein translation 487 and transport and cell division in order to produce the colonial matrix. Several GO terms 488 involved in the synthesis of larger nitrogenous compounds and their transport, including 489
Translation initiation, Protein metabolic process, Protein N-linked glycosylation, and Protein 490 transport were significantly enriched in downregulated genes in colonial cells ( Fig. 3 ; Table S4 ). 491
Similarly, the KEGG pathway, Protein processing in endoplasmic reticulum, was also enriched 492 in downregulated genes in colonies (Table S7) . Likewise, several mitosis-associated GO terms 493
(Chromatin assembly and disassembly, Cytoskeleton organization, Cellular component 494 biogenesis) were also enriched among downregulated genes in colonial cells ( Fig. 3 ; Table S4 ). 495
However, the downregulation of mitosis-associated genes in colonial cells conflicts with 496 observations in previous studies. Veldhius et al. (2005) observed that colonial cells divide at a 497 higher rate than solitary cells and proposed that in addition to experiencing less grazing and viral 498 lysis, colonial cells may dominate blooms because they outgrow solitary cells. We believe the 499 difference in our results may be due to the type of solitary cells observed-the solitary cells in 500 previous studies could have been diploid flagellates, especially if they were derived from 501 disrupted colonies, whereas solitary cells in our study are likely haploid flagellates, which have 502 been reported to divide extremely rapidly (Rousseau et al. 2007 ). 503
There were also several signaling pathways represented in the results suggesting that 504 colonial cells are exposed to fewer general stressors, but may be responding to more strongly to 505 specific pathogens. In plants, the MAPK (mitogen activated protein kinase) pathway primarily 506 transduces signals from extracellular stressors to the nucleus or cytoplasm and initiates an 507 appropriate response (Taj et al. 2010 because the colony skin is protecting cells from these stressors. However, the Plant-pathogen 516
interaction pathway was enriched in upregulated genes in colonial cells, indicating that specific 517 pathogens may penetrate the colonial fortress or that pathogen interaction may play a role in 518 stimulating colony formation. Genes upregulated in this pathway were for calcium-dependent 519 protein kinases and calcium-binding protein CML (calmodulin-like protein), immune response 520 genes that are activated following recognition of specific pathogen-associated molecular patterns 521 (Cheval et al. 2013 hypergeometric test was used. Three genes in this pathway were upregulated: 1) cGMP-563 dependent protein kinase, which phosphorylates biologically important targets, has been 564 implicated in cell division and nucleic acid synthesis, and reduces cytoplasmic Ca 2+ 565 concentrations (Lincoln et al. 2001) ; 2) cAMP-dependent protein kinase regulator; and 3) a 566 cAMP-responsive element-binding protein (CREB), which binds to DNA to increase or decrease 567 transcription and is associated with increased cell survival (Chrivia et al. 1993 ). The PI3K-Akt 568 signaling pathway was also significantly enriched in upregulated genes when the additional 569 linear model test was used. Within this pathway, two Extracellular Matrix (ECM) focal adhesion 570 genes, for Tenascin (a glycoprotein) and Type IV collagen, were significantly upregulated. Focal 571 adhesion proteins connect cells to extracellular matrices both literally and figuratively, by 572 holding cells in place and by initiating cellular responses to external conditions (Wozniak et al. 573 2004). Bender et al. (2018) also found focal adhesion proteins, specifically glycoproteins, 574 upregulated in colonial Phaeocystis antarctica. It is therefore likely that these proteins have an 575 important function in structurally maintaining cell positions in the colonial matrix and signaling 576 between colonial cells. Focal adhesion proteins may be mediating interactions with protein 577 kinases in colonial cells, which go on to promote cell proliferation and differentiation into the 578 colonial morphotype. These signaling pathways represent important candidates for continued 579 study of molecular mechanisms regulating colony formation. 580 581
Conclusions and future directions 582
This study investigated gene expression associated with colony formation in Phaeocystis globosa 583 for the first time and discovered a large transcriptional shift associated with colony production. 584
Differentially expressed genes were mostly downregulated in colonies, providing evidence for 585 extensive resource allocation toward colony formation. Together, activation of pathogen 586 interaction pathways, reduced expression of stress-response pathways, and increased expression 587 of a DMSP-lyase, which produces DMS and acrylate, supporting a defensive role for colony 588 formation. Future studies may extend this work by investigating P. globosa gene expression in 589 colonial and solitary cells in a time course study through the waxing and waning of a bloom and 590 under different nutrient and grazing regimes, potentially by using mesocosms or 591 metatranscriptomic methods in natural communities. While our ability to fully interpret the 592 results was inhibited by an overall lack of annotated genomes and transcriptomes for diverse 593 protist lineages, this study represents a step in the right direction by contributing a new and 594 deeply sequenced transcriptome for Phaeocystis globosa. Identification of DSYB and Alma 595 family-like genes in this transcriptome will additionally allow for further investigation into P. 596 globosa DMSP and DMS production in the oceans. We were also able to identify several protein 597 kinase signaling pathways that are potentially important for regulating colony formation and 598 should be experimentally investigated in follow-up studies. The results presented here will guide 599 and facilitate continued efforts to unravel the complex factors responsible for triggering harmful 600
colonial Phaeocystis blooms, which will likely increase with continued climate change and 601 nutrient pollution in the future. 602 603 ACKNOWLEDGEMENTS 604
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